Introduction
Most plant viruses contain an RNA genome and are traditionally classified into genera (or families) of which there are over 40. This large number reflects the formidable variety that exists among plant RNA viruses. The genomes are mostly single-stranded (ss) and of positive polarity; in a few genera, they are negative sense, ambisense, or double-stranded (ds).
The different strategies used by viruses for their amplification have been described at length. However, it is often difficult to find in a summarized form the main data on genome features of all groups of plant RNA viruses. The last review article along these lines (Davies & Hull, 1982) dates from before any full-length RNA sequence of a plant RNA virus was published; nevertheless, a few books have more recently included this subject (Francki et al., 1991; Matthews, 1991) .
Our aim in this review has been to present data on the major characteristics of the viral genome in the form of three concise tables. Each table presents viruses by genera as officially recognized by ICTV (Mayo & Martelli, 1993) in alphabetical order. In each genus, the data are provided for the type member virus or the best studied member (in most cases, for only one strain) which are designated 'virus'. For instance, in the case of furoviruses, because of important differences in their genome organization, two members are presented. The approximate number of viruses in each genus can be found in Francki et al. (1991) . Table 1 outlines general features of the genetic material of plant RNA viruses and their associated RNAs. Table 2 indicates the characteristics of the viral genomes and Table 3 indicates to which of the four supergroups characterized to date each genus belongs as well as the arrangement of genes and certain strategies used by plant RNA viruses. Further information concerning the * Author for correspondence. Fax +33 l 44 27 35 80. e-mail haenni@erti2.Fr genome organization of the viruses can be found in Matthews (1991) or in the references concerning RNA lengths (Table 1 ). The virus groups for which no complete RNA sequence data are available, either for the type member virus or for any other member, are not presented in the tables; these are the fabaviruses (Family: Comoviridae, ss bipartite genome of positive polarity), marafiviruses (ss monopartite genome of positive polarity), oryzaviruses (Family: Reoviridae, ds genome with 10 segments), betacryptoviruses (Family: Partiviridae, ds bipartite genome), cytorhabdoviruses (Family: Rhabdoviridae, ss monopartite genome of negative polarity), rymoviruses (Family: Potyviridae, previously associated to potyviruses) and umbraviruses (probably ss bipartite genome). In the latter group, a satellite RNA has been reported for groundnut rosette umbravirus (Murant et al., 1988) .
Within the text, we briefly present salient features of the genome organization of plant RNA viruses. We have also attempted to focus on some of the intriguing problems resulting from recent studies of novel virus species. Characteristics of genome organization have been classified in two main sections, the first referring to viral genes, and the second to the non-coding functions of viral RNAs. Virus-related RNA molecules are briefly presented in the third section. Viroids, the smallest known pathogens are not discussed; a recent review can be found in Diener (1991) . The data are accompanied by key references related to each topic, except when such references can be found in Francki et al. (1991) or Matthews (1991) . Kendall & Lommel (1992) ; 12, Demler & de Zoeten (1991) ; 13, Demler et al. (1993) ; 14, Demler & de Zoeten (1989) Shen et al. (1993). through of a termination codon. The genes coding for proteins such as the coat protein (CP), polymerase and movement proteins respectively adopt many different arrangements on the genome. These different possibilities are summarized in Table 3 .
Genome organization of identified genes or open reading frames (ORFs) is of primary importance for the classification of viruses. The data on the general organization of viral genomes, combined with amino acid sequence similarities have led to the classification of positive-strand RNA viruses into supergroups comprising both plant and animal viruses (Table 3; Goldbach et al., 1990; Mahy, 1991) . Two, then three supergroups were distinguished (Habili & Symons, 1989) ; the rather homogeneous picorna-like supergroup, the more heterogeneous alpha-like supergroup, and then the luteolike supergroup which was later separated into the carmo-like and sobemo-like supergroups .
Specific gene classes

Polymerase-associated functions
In all plant RNA viruses, at least one or two viral proteins containing specific motifs are believed to be involved in replication of the viral genome (Koonin, 1991) .
An NTP-binding motif was identified in the proteins of several plant RNA viruses by comparison to other proteins bearing an NTP-binding activity (Gorbalenya et al., 1989) . Interestingly, viruses belonging to the luteolike (carmo-like and sobemo-like) supergroup apparently do not present such an NYP-binding motif (Table 3 and Habili & Symons, 1989; Candresse et al., 1990) . In contrast, viruses (hordeiviruses, furoviruses, carlaviruses and potexviruses) whose genomes contain a group of partially overlapping genes termed 'triple gene block' (TGB), possess a second NTP-binding motif in the TGB Rupasov et al., 1989) . The NTP- Kashiwazaki et al. (1991) ; 2, Kashiwazaki et al. (1990) ; 3, Karasev et al. (1989); 4, Agranovsky et al. (1991) ; 5, Xiong & Lommel (1989); 6, Demler & de Zoeten (1991); 7, Shirako & Wilson (1993) ; 8, Ziegler et al. (1992) ; 9, Nutter et al. (1989) ; 10, Coutts et al. (1991); 11, Turnbull-Ross et al. (1992) ; 12, Takahashi et al. (1990); 13, de Haan et at. (1989); 14, de Haan et al. (1990); 15, German et al. (1990) ; 16, Yoshikawa & Takahashi (1988) ; 17, Jones et al. (1991). binding motif is thought to possess a helicase activity (Hodgman, 1988; Gorbalenya et al., 1988a, b) ; but among plant RNA viruses, a helicase activity has been demonstrated experimentally only in the case of plum pox potyvirus (Lain et al., 1990 ). This protein also shows an ATPase activity (Lain et al., 1991) . The tobacco mosaic tobamovirus (TMV) 126K protein was reported to have an NTP-binding activity (Evans et al., 1985) and a guanylyltransferase-like activity, presumably associated with cap formation (Dunigan & Zaitlin, 1990) .
A GDD-containing motif corresponding to the core of the RNA-dependent RNA polymerase (referred to here as polymerase) is found in viral RNA polymerases, and comparable motifs are present in non-viral polymerases. This motif is therefore valuable for phylogenetic studies of viral genes (Koonin, 1991) . A polymerase activity is associated with an enzyme complex isolated from plants infected by various viruses (Martin & Garcia, 1991; Rouleau et al., 1993; reviewed in David et al., 1992) or from virus particles themselves (reviewed in Ishihama & Barbier, 1994) . However, only in the case of cucumber mosaic cucumovirus (CMV), has replicase activity that directs synthesis of negative strands from the positive strand template, and synthesis of positive daughter strands from the newly synthesized negative strands (Hayes & Buck, 1990 ) been obtained in vitro. In cases where such investigations have been performed, it has been shown that the viral proteins with a GDDcontaining motif and/or an NTP-binding motif are active components of the complex.
A methyltransferase motif is associated with the polymerase functions of viruses of the alpha-like supergroup. This putative activity might be involved in capping of viral RNAs (Rozanov et al., 1992) .
Pea enation mosaic enamovirus (PEMV) presents a unique situation: it appears to result from 'symbiosis' between the RNAs of two distinct viruses. Indeed, each of the two genomic RNAs contains a putative polymerase gene, related to that of luteoviruses for RNA1 (Demler & de Zoeten, 1991) and of carmoviruses for RNA2 (Demler et al., 1993) .
Coat Proteins
CP molecules can be classified based on the shape adopted by the virus, i.e. icosahedral, rod-shaped or filamentous. Distinct sequence differences observed between the CP of rod-shaped and filamentous RNA viruses have led to the classification of these viruses in two families based on the shape of their particle (Dolja et al., 1991) .
CP molecules are required in high levels compared to non-structural proteins and are often encoded by a subgenomic RNA endowed with a high translational potential.
Most plant virus particles contain only one type of protein. Virus genera with two CP species include the comoviruses, fabaviruses and marafiviruses. In addition to the CP, the potato leafroll luteovirus (PLRV; Bahner et al., 1990) and the PEMV (Demler & de Zoeten, 1991) capsid also contains an elongated protein synthesized by readthrough of the termination codon of the CP gene. The Sequiviridae possess three distinct CP species: the CPs are encoded by a cluster of three genes occupying an internal position in the polyprotein encoded by the viral RNA (Shen et al., 1993; Turnbull-Ross et al., 1993) . More complex particles such as enveloped reoviruses and rhabdoviruses contain several proteins. In addition to the CP and the L-protein with transcriptase activity, tospoviruses contain two glycoproteins encoded by RNA M.
In beet yellows closterovirus (BYV), the CP is encoded by gene 6. The closely related ORF 5 appears to be a duplication of gene 6 coding for a protein of unknown function that is not detected in the filamentous particles (Boyko et al., 1992) .
Cell-to-cell movement of virus particles
A distinction must be made between long distance movement of virions in plants that involves the viral particles, and cell-to-cell movement of infectious viral units. Only cell-to-cell movement will be discussed here, and only those proteins for which experimental evidence indicates that they participate in cell-to-cell movement are presented in Table 3 . Further evidence based on sequence alignments are reviewed in Mushegian & Koonin (1993) .
Unlike animal viruses, plant viruses encounter a cell wall. Local spread of plant viruses is achieved via intercellular cytoplasmic connections, the plasmodesmata. Two possible mechanisms have been proposed for the way virus-induced modifications of plasmodesmata allow passage of the virus from one cell to another. The first one, illustrated by TMV, involves the 30K movement protein (reviewed in Deom et al., 1992) . This protein appears to increase the molecular exclusion limit of plasmodesmata and could also act as a molecular chaperone, binding to the viral RNA; movement of the viral progeny occurs as a viral ribonucleoprotein complex. Indeed, the viral CP is not required for short distance movement of TMV. In the second mechanism, illustrated by cowpea mosaic comovirus (CPMV), intact virus particles move along tubular structures that assemble in the cytoplasm, associate with plasmodesmata and extend through them (van Lent et al., 1991) . Tubular Table 3 . * All designations of supergroups not followed by a reference are from or from the reference provided in the second column. Key: A, alpha-like; P, picorna-like; C., carmo-like; S, sobemolike. t Some strains of BYDV, such as PAV, have a polymerase with tattoo-like features (mentioned in .
General arrangement of genes
References: 1, Rozanov et al. (1992) ; 2, Gorbalenya et al. (1989); 3, Koonin (1991) 
.
structures are visible not only in infected plant tissues, but also in infected protoplasts from which they protrude and are loaded with virus particles. In this mechanism, the CP is required for cell-to-cell movement. Based on sequence alignment, viruses resorting to either of these two mechanisms have been grouped in the '30K superfamily' (reviewed in Mushegian & Koonin, 1993) . In the case of viruses whose genome contains a TGB, some evidence suggests a role of the TGB in virus cell-tocell movement (Niesbach-K16sgen et al., 1990; Petty et al., 1990; Beck et al., 1991 ; Gilmer et al., 1992; Davies et al., 1993) , although none of the proteins of the TGB shows sequence similarities to movement protein families. Consequently, the TGB have been proposed to form a second type of cell-to-cell movement protein complex; a third type may possibly be represented by the prolinerich movement protein of tymoviruses (reviewed in Mushegian & Koonin, 1993) .
5'-Associated protein (VPg)
The plant viruses whose RNA genome possesses a VPg are presented in Table 3 ; VPg is processed from a polyprotein.
One of the best studied cases is the VPg of potyviruses. This VPg is processed from a bifunctional VPg-NIa protein of 49K, with an N-terminal (21K) VPg domain and a C-terminal (27K) proteinase domain (Murphy et al., 1990; Dougherty & Parks, 1991) . Although RNA can bind to the VPg domain or to the entire VPg-NIa protein, and the proteinase activity is observed with the C-terminal NIa domain or with the entire VPg-NIa protein, cleavage of some of the VPg-NIa protein in infected cells must nevertheless represent a vital function for the virus (Carrington et al., 1993) .
Helper component (HC)
Certain genes of a number of plant viruses encode an HC that appears to be involved in transmission of the virus by the vector. In some cases, this function seems to be associated with certain helper viruses but has not been mapped. This is for example the case of rice tungro spherical waikavirus which is required for aphidtransmission of rice tungro bacilliform badnavirus and thus probably encodes an HC (Dasgupta et al., 1991) .
The corresponding HC-Pro of the aphid-transmitted potyviruses is encoded by a sequence in the 5' region of the unique ORF. In tobacco etch potyvirus (TEV), the C-terminal region of the HC-Pro is responsible for its own C-terminal proteolytic maturation (Carrington et al., 1989) . Hence, the HC activity is probably restricted to the N-terminal part of the protein. This has been confirmed by comparing a non-transmissible and a transmissible strain of potato potyvirus Y (Thornbury et al., 1990) . In tobacco vein mottling potyvirus (TVMV), a role for the HC-Pro in the virulence of the virus has also been proposed (Atreya et al., 1992) .
In the fungus-transmitted furoviruses, the aphidtransmitted luteoviruses and in PEMV, the protein synthesized by readthrough of the CP termination codon is believed to play a role in transmission. This protein is detected in PEMV, and in a truncated form in luteoviruses. It is not detected in beet necrotic yellow vein furovirus (BNYVV) where its role in transmission is probably related to virus assembly (Schmitt et al., 1992) .
Proteinases
RNA viruses which use proteolytic cleavage of a polyprotein as a strategy of expression (Table 3) require a proteinase that in most cases is virus-coded (reviewed in Dougherty & Semler, 1993) . Serine-proteinases as well as cysteine-proteinases are encountered. In certain virus groups, such as sobemoviruses and luteoviruses, sequence data suggest the presence of a proteinase but to date no biochemical evidence exists for such an activity (reviewed in Dougherty & Semler, 1993) .
Non-coding functions of viral RNAs
In addition to their coding functions, viral RNAs contain signals that are necessary for their interaction with other components implicated in the life cycle of the virus. These signals can be involved in processes such as translation, replication and encapsidation.
Specific signals for translation
Cap structure and poly(A) tail. The RNA genomes of certain viruses present the same characteristics as cellular mRNAs, i.e. a cap structure and a poly(A) tail. It is usually considered that in cellular and viral RNAs, these elements have the same functions during translation. With a few exceptions, full-length in vitro-synthesized viral transcripts require the cap structure for infectivity (reviewed in Boyer & Haenni, 1994) .
Leader sequences. The RNA genomes of plant viruses contain a 5'-untranslated region (UTR) of highly variable length. The best known function of this region in translation is an enhancer effect. It has been well studied in the f~ fragment, the 68 nucleotide-long 5'-UTR of TMV RNA, whose enhancer effect in translation is high (Gallie et al., 1987a) . Two motifs appear to be responsible for the enhancer effect of this fragment which Plant RNA virus genomes 239 probably lacks a stable secondary structure, a (CAA) n repeat and to a lesser extent a short direct-repeat motif. Thus in this case the primary rather than the secondary structure of ~ appears important for the enhancer effect (Gallie & Walbot, 1992) . A similar enhancer effect of the 5'-UTR on translation has been demonstrated in vitro, and/or in vivo, for the RNAs of other plant viruses such as brome mosaic bromovirus (BMV; Gallie et al., 1987 b) , alfalfa mosaic alfamovirus (A1MV) RNA4 (Jobling & Gehrke, 1987) , pea seed-borne mosaic potyvirus (Nicolaisen et al., 1992) , TEV (Carrington & Freed, 1990; Nicolaisen et al., 1992) , and potato potexvirus X (Zelenina et al., 1992; Tomashevskaya et al., 1993) . In contrast, an inhibitory effect on translation was shown for the 5'-UTR of A1MV RNA3 which is the least represented RNA species in the virus particles (van der Vossen et al., 1993) .
Internal initiation is another function proposed for the 5'-UTRs of certain members of the picorna-like supergroup such as comoviruses (Thomas et al., 1991 ; Verver et al., 1991) or potyviruses (Carrington & Freed, 1990 ). These 5'-UTRs are long and such a function is known for picornaviruses. In both virus genera however, contradictory results have been obtained using bicistronic constructs (Belsham & Lomonossoff, 1991; Riechmann et al., 1991) . Consequently, it remains unclear whether internal initiation or leaky scanning is the mechanism used by the genome of these viruses.
3"-UTR. Except for the case of PEMV RNA2 that lacks a 3'-UTR (Demler et al., 1993) , all RNA viruses contain a 3'-UTR. Involvement of this region in translation has been demonstrated only in TMV, BMV and wound tumour reovirus (WTV). Among the three pseudoknots located within the 3'-non-coding region upstream of the TMV tRNA-like structure, the T-coterminal pseudoknots greatly increase the translation rate of a chimeric mRNA coding for a reporter gene. Not only is the structure of the 3'-most pseudoknot important, but so is its primary sequence. Moreover this region can bind to protein factors from wheatgerm and carrot extracts that also bind to ft. Together with ~ and the cap structure, it has a synergistic effect suggesting that fl, the cap and the 3'-UTR interact to reach an efficient level of translation (Leathers et al., 1993) . The BMV RNA3 3'-UTR has a similar effect to the TMV 3'-UTR on translation, as opposed to the turnip yellow mosaic tymovirus (TYMV) and A1MV RNA4 3'-UTR which have little impact on translation and RNA stability (Gallie & Kobayashi, 1994) .
A role in translation has also been proposed for the 3'-UTR of WTV where alterations or extensions of this region can modify translation efficiency in vitro of a transcript corresponding to the viral genome. It has been postulated that this effect results from intramolecular interactions between the 5'-and 3'-UTRs .
Frameshift. Among plant viruses, a -1 frameshift phenomenon was first demonstrated for the expression of the polymerase gene of barley yellow dwarf luteovirus (BYDV) in a protoplast system (Brault & Miller, 1992) . In BYDV, it occurs at the level of a heptanucleotide sequence and upstream of a secondary structure. The termination codon of the first ORF is also necessary for frameshifting. More recently, the sequence of the translation products of BYDV RNA produced in vitro has confirmed the synthesis of the 99K protein by -1 frameshifting (Diet al., 1993) . Frameshifting has also been demonstrated in the corresponding region of PLRV (Prfifer et al., 1992; Kujawa et al., 1993) and beet western yellows luteovirus (BWYV; Garcia et al., 1993) ; it also occurs in red clover necrotic mosaic dianthovirus (RCNMV) for the synthesis of the putative replicase (Kim & Lommel, 1994) .
In PLRV (Prfifer et al., 1992) , RCNMV (Xiong et al., 1993) and BYDV (Brault & Miller, 1992) , the presence of a possible stem-loop structure has been proposed. In PLRV (Kujawa et al., 1993) and in BWYV (Garci et al., 1993) , the sequence downstream of the slippery site can adopt a pseudoknot structure that probably ensures a better frameshift.
Frameshifting has also been postulated as an expression strategy of PEMV RNA2 (Demler et al., 1993) and the BWYV ST9-associated RNA (Chin et al., 1993) . In both cases, this hypothesis is supported by the observation of an in vitro translation product corresponding in size to a frameshift product, and for PEMV also by the presence of a slippery sequence. In beet yellows virus (BYV), a unique case among viruses of + 1 frameshift has also been proposed (Agranovsky et aI., 1994) .
Readthrough. Suppression of a UAG or a UGA termination codon is encountered among some plant RNA viruses. For the tobamoviruses, tobraviruses, tombusviruses and carmoviruses and for RNA1 of soilborne wheat mosaic furovirus (SBWMV), it allows synthesis of the putative polymerase, and for RNA2 of SBWMV, RNAI of PEMV, BNYVV and the luteoviruses, the termination codon of the CP gene is overcome to allow synthesis of a longer protein involved in transmission, virus assembly or other functions.
The readthrough process requires at least two elements. First is a suppressor tRNA; the nature of a possible candidate suppressor tRNA has been proposed for TMV (Beier et al., 1984; Zerfass & Beier, 1992a) and for tobacco rattle tobravirus (Zerfass & Beier, 1992b) . Second, the nucleotide context surrounding the termination codon and in particular the two downstream codons appear important for readthrough of TMV RNA in vivo (Skuzeski et al., 1991) and in vitro (Valle et al., 1992) .
Cis-acting elements required for replication
tRNA-like structures. It has long been known that the RNA genomes of certain positive-strand plant viruses have tRNA-related properties (reviewed in Mans et al., 1991) . The three-dimensional (3D) folding of these regions of the viral RNAs presents certain features reminiscent of the 3D structure of canonical tRNAs, but unlike tRNAs, these regions encompass pseudoknots. These 3' tRNA-like structures have been shown to be involved in minus-strand synthesis in the case of TMV (Dawson et al., 1986) , brome mosaic virus (BMV) (Miller et al., 1986) and TYMV (Morch et al., 1987; Tsai & Dreher, 1991) . The complete nucleotide sequence of SBWMV RNA (Shirako & Wilson, 1993) has revealed that the 3' region of both genomic RNAs of this virus can potentially adopt a tRNA-like structure comparable to the one at the 3' end of the TYMV and sunn-hemp mosaic tobamovirus (SHMV) RNAs, as opposed to the RNAs of BNYVV that terminate with a poly(A) tail. This and other features of SBWMV have led to the suggestion that SBWMV and BNYVV should be members of two distinct furovirus genera.
Pseudoknots. In addition to the pseudoknots in the tRNA-like structures, a few viruses have pseudoknots upstream of these structures which appear to participate in RNA replication. In TMV (Takamatsu et al., 1990) , the most downstream of the six double-helical structures that compose the three pseudoknots already mentioned located just upstream of the tRNA-like structure, is necessary for RNA replication. It was more recently reported that this region probably also participates in translation (Leathers et al., 1993) . In contrast, the behaviour in protoplasts of deletion mutants of BMV RNA-3 suggests that the four pseudoknots of the 3' region contribute to RNA replication but do not affect translation (Lahser et al., 1993) . In TYMV, it was suggested that a pseudoknot just upstream of the tRNAlike structure contributes to replication, even though it is not conserved among all tymoviruses (Tsai & Dreher, 1992) .
Poly(A).
In CPMV, both B-RNA and M-RNA contain the sequence UUUUAUU immediately followed by the poly(A) tail. This heptanucleotide sequence together with the first four A residues immediately downstream can adopt a hairpin structure. A similar structure can also be formed by the M-RNA of red clover mottle comovirus (Shanks et al., 1986) . In CPMV B-RNA, deletions from the 3'-end of the RNA that prevent formation of the hairpin dramatically interfere with RNA replication (Eggen et al., 1989) . Thus, besides a possible protective function, the poly(A) tail of comoviruses is also important for viral RNA replication.
Other seconda O, structures. The examples presented below illustrate the requirement for secondary structures other than pseudoknots or tRNA-like structures for viral RNA replication.
In CPMV, accumulation of M-RNA is dependent on the presence of a Y-shaped structure upstream of the A-U rich stem-loop mentioned above (Rohll et al., 1993) .
Of the four RNA species that compose the genome of BNYVV, RNA3 (as well as RNA4) does not encode trans-acting functions involved in viral RNA replication. Cis-acting functions in the 5' region of RNA3 are located within the first 292 nucleotides from the 5' end. A secondary structure has been proposed for this region of the viral RNA based on chemical and enzymatic probing, and efficient accumulation of RNA3 during infection requires base-pairing between sequence elements of this structure (Gilmer et al., 1993) .
Mutations that disrupt a putative hairpin at the 5' end of a mutant derived from BMV RNA2 without disrupting the hairpin formed by the complementary sequence on the negative strand, greatly reduce replication. The role of this structure (whose formation could be favoured by a host factor) might be to liberate the 3' end of the negative strand in the replicative form, thereby allowing initiation of positive-strand synthesis by the polymerase .
Internal control region (ICR)-like sequences.
Similarities exist between viral RNA sequences [A1MV, bromoviruses, cucumoviruses, tobamoviruses, tobraviruses and tymoviruses, and the satellite virus (sat-virus) of tobacco necrosis necrovirus] and the ICR 2 of the RNA polymerase III promoter ofeukaryotes (Marsh et al., 1989) . A role of these sequences in replication has been demonstrated for BMV RNA (Pogue et al., 1990 and is also proposed for the RNA of cucumber mosaic virus (CMV) (Boccard & Baulcombe, 1993) and A1MV (van der Vossen et al., 1993) . The presence of ICR-like sequences suggests that a host RNA polymerase III subunit and/or one of its cofactors could participate in viral RNA replication. However, none of these components (reviewed in Gabrielsen & Sentenac, 1991) has a molecular mass close to that of one of the host factors found associated with the polymerase of TYMV (Mouch~s et al., 1984) , CMV (Hayes & Buck, 1990) or BMV (Quadt et al., 1993) .
Other structures involved in replication. In many viruses, other sequences have been shown to be involved in replication even though they do not appear to possess easily defined sequence motifs such as those discussed above. RNA sequences involved in replication can be mapped, for example, by the study of naturally occurring or artificial defective interfering (DI) RNAs as has been done for tombusviruses (Burgyan et al., 1991; Knorr et al., 1991) . Such studies make it possible to define sequences that are sufficient yet probably not all indispensable for replication.
VPg is presumably involved in replication as it is for picornaviruses (Eggen & van Kammen, 1988) .
The 5' and 3' ends of the genome parts of the viruses of the cytorhabdovirus (Wetzel et al., 1994) , tospovirus and tenuivirus (reviewed in Elliott et al., 1991; Ramirez & Haenni, 1994 ) genera can potentially form stable basepaired panhandle structures that are believed to play a role in replication and encapsidation. In rice stripe tenuivirus, the 3'-terminal conserved nucleotides might constitute the promoter for the viral polymerase (Barbier et al., 1992) .
The 3' non-coding region of the A1MV RNAs specifically binds to CP subunits that play a role in replication (reviewed in Jaspars, 1985) . Deletions up to nucleotide 133 severely decrease replication in vivo, whereas mutants with deletions beyond this position are not replicated to a detectable level (van der Kuyl et al., 1991) . This confirms results showing that in vitro, nucleotides 133 to 163 from the 3' end contain cis-acting elements important for recognition by the polymerase (van der Kuyl et al., 1990) .
Interaction with the coat protein
The mechanism of specific encapsidation of the viral RNA into its cognate capsid has been examined in a few cases, as in A1MV, BMV, TMV, turnip crinkle carmovirus (TCV), and papaya mosaic potexvirus (PMV) RNA.
In the common strain of TMV, a specific hairpin structure is the nucleation point within the RNA to which a coat protein (CP) oligomer initially binds and to which other CP subunits are linked, to form the complete viral particle. Since this assembly origin is located within the 30K-coding region, the viral 12 sgRNA (responsible for 30K protein synthesis) and the gRNA are encapsidated, but not the CP sgRNA. In contrast, in the related SHMV, the CP sgRNA is encapsidated because the assembly origin is shifted to the CP-coding region. This differential location of the assembly origin, has led to the classification of tobamoviruses in two groups (Fukuda et al., 1981; Takamatsu et al., 1983) .
In A1MV, the 3'-terminal 145 nucleotides of the three genomic RNAs are identical and contain high-affinity sites for CP subunits (Zuidema et al., 1984) . These sites are involved in activation of the genome, since the genomic RNAs must bind a few CP molecules to become infectious (Smit et al., 1981) . Recent data indicate that the invariant AUGC sequences and structural elements are involved in CP recognition on the RNA (HouserScott et al., 1994) . Other major CP binding sites also exist in internal positions on the RNAs that can likewise form stable stem-loop structures (Zuidema & Jaspars, 1984) ; these sites might be involved in virus assembly. In TCV, two regions of the genome interact specifically with the CP. One region consists of two RNA motifs within the 3'-proximal CP gene. The other region consists of three RNA motifs that cover about 300 nucleotides in the gene for the putative polymerase and span a suppressible termination codon. Binding of CP subunits to this region might regulate the level of readthrough and hence of polymerase formation. Four of the five RNA motifs can adopt stem-loop structures. It has been proposed that both regions could be involved in virus assembly and that binding to the CP could switch the viral RNA from translation/replication functions to encapsidation (Wei et al., 1990; Wei & Morris, 1991) .
On BMV RNA1, two domains interact specifically with the CP. A mutated CP which lacks the first 25 amino acids and which does not encapsidate the RNAs cannot interact with RNA1 on these sites, suggesting that these binding sites probably initiate the encapsidation process (Duggal & Hall, 1993) .
Finally, in PMV, the minimal sequence for in vitro initiation of assembly has been mapped in the first 38 to 47 nucleotides at the 5' terminus of the RNA. This region is A+C rich and lacks any discernible secondary structure (Sit et al., 1994) .
Defective interfering RNAs and satellites
Defective interfering (DI) RNAs are deletion mutants of infectious viral genomes associated with animal and plant viruses (reviewed in Roux et al., 1991) . They cannot replicate autonomously but contain sequences necessary for their replication which occurs at the expense of the parental (or helper) genome probably by competition for the viral polymerase; they usually decrease symptom intensity.
DI RNAs have been detected in association with several members of the tombusvirus genus (Hillman et al., 1985; Burgyan et al., 1989; Rochon & Johnston, 1991) . In the related carmovirus genus, TCV is associated with DI RNAs, satellite RNAs (sat-RNAs) and with a chimeric satellite/DI RNA molecule (Simon & Howell, 1986; Li et al., 1989) . A naturally occurring DI RNA has recently been found in CMV (M. J. Roossinck, personal communication).
Another interesting case is the DI RNAs of clover yellow mosaic potexvirus which harbours a chimeric ORF presumably originating from a fusion of the 5'-proximal non-structural protein and the Y-proximal CP genes of the parental genome (White et al., 1991) . This ORF encodes a 35K protein and seems to be necessary to maintain the DI RNA (White et al., 1992) .
DI RNAs are excellent models to study the RNA recombination that is believed to occur during replication by template switching of the polymerase, i.e. the copy choice mechanism (reviewed in Holland, 1990) . Thus, studies on the chimeric RNA associated with TCV suggest that RNA motifs and secondary structure can promote template switching during replication (Cascone et al., 1990 (Cascone et al., , 1993 . Complementary sequences between templates could also promote recombination (Nagy & Bujarski, 1993; White & Morris, 1994) . For certain viruses in which naturally occurring DI RNAs have not been detected, such as BMV (Marsh et al., 1991) and TMV (Ogawa et al., 1992) , artificial DI RNAs have been constructed that can be replicated by their helper genome.
Certain viruses can be accompanied by satellites that depend on a helper virus for their replication and whose nucleotide sequence is different from that of the helper virus. Satellites do not provide any essential function to the virus. A distinction is made between satellite viruses, which encode their own CP, and sat-RNAs that are encapsidated by the CP of the helper virus. Satellite viruses are associated with necroviruses and tobamoviruses, panicum mosaic virus (a possible sobemovirus) and maize white line mosaic virus (Zhang et al., 1991) , whereas sat-RNAs are associated with other virus groups (reviewed in Roossinck et al., 1992) . Different parameters have led to a classification of sat-RNAs based on features such as circular (previously named virusoid) or linear RNAs, presence of messenger functions (the large sat-RNAs of nepoviruses) and size of the molecule.
Conclusions
For most of its functions, the viral RNA genome interacts with the plant cell. Nevertheless, very little is known concerning these interactions and the functions involved in symptom appearance. The RNA can also have a direct effect on symptoms, as do viroids. In a few cases, sat-RNAs can modulate symptoms without affecting accumulation of the helper virus, suggesting a direct interaction between the sat-RNA and cellular components (reviewed in Roossinck et al., 1992) . In TVMV, an insertion in the 3'-UTR decreases symptom intensity without modifying virus accumulation (RodriguezCerezo et al., 1991) . In TCV, indirect evidence also suggests an effect of the 3'-UTR on symptom appearance (Simon & Howell, 1986) .
Finally, it is worth mentioning that the strategies of expression used by plant RNA viruses are also used by animal RNA viruses. Among RNA viruses, the only strategy that still remains a prerogative of animal viruses, is editing (reviewed in Weissmann et al., 1990) . Given the ever widening variety of viruses and strategies that are being described, it is conceivable that this strategy may also be employed by plant viruses, but has yet to be demonstrated.
